Abstract. Inflow of preformed ammonia in arterial blood, renal production of ammonia, outflow of ammonia in renal venous blood, and urinary excretion of ammonia were measured during the infusion of 15NH4Cl into one renal artery of dogs with chronic metabolic acidosis. Our results show that the specific activity of ammonia measured in the urine and that calculated in the renal pool agree within 95%. Pool specific activity is obtained by dividing the rate of infusion of isotope by the pool turnover rate, i.e., the sum of the rate of ammonia output in the urine and that in renal venous blood. An average of 35% of urinary ammonia is derived from arterial ammonia in these experiments.
Introduction
The thesis that the mechanism of renal secretion of ammonia is passive, nonionic diffusion was suggested in 1948 by Pitts (1) in explanation of the proportionality between urinary hydrogen ion concentration and the rate of excretion of ammonia. The free base, NH3, is lipid soluble, uncharged, and penetrates cell membranes readily, whereas the ammonium ion, NH4+, is water-soluble, charged, and relatively nonpenetrating (2) . Thus NH3, formed in tubular cells from precursors delivered in arterial blood, diffuses into acid urine where it is trapped as nondiffusible NH4+ ion. It likewise diffuses into peritubular blood and is removed from the kidney in venous blood (3) . This concept has been developed on theoretical grounds by Orloff and Berliner (4) and by Milne, Scribner, and Crawford (5) .
The first real evidence for nonionic diffusion of ammonia was provided by Balagura and Pitts (6) who showed by the Chinard technique that ammonia diffuses readily and rapidly in both directions across the tubular epithelium, from blood to urine and from urine to blood. Furthermore they observed that the direction of net diffusion is from the less acid to the more acid phase. Since these are the basic tenets of the thesis of nonionic diffusion, its reality was established. Supportive evidence has been provided by the studies of Sullivan and McVaugh (7), Fulgraff and Pitts (8) , and Denis, Preuss, and Pitts (9 Creatinine, p-aminohippurate, urinary ammonia, and 'N content of urinary ammonia were determined by previously described methods (13) . Creatinine clearance was used as a measure of the glomerular filtration rate, and whole blood p-aminohippurate extraction as a measure of total renal blood flow. Urine pH was measured with a Radiometer-Copenhagen meter and a capillary glass electrode.
Renal venous and arterial whole blood ammonias were determined by a modification of the method of Mondzac, Ehrlich, and Seegmiller (14) for plasma ammonia. In a cold room, 5 ml of whole blood was pipetted into 5 ml of 20% trichloroacetic acid with constant mixing. After centrifugation and filtration, 2 ml of filtrate was added to a tube containing 5 ml of NADH solution (11-16 mg/100 ml) in phosphate buffer pH 7.40 and 1 ml of sodium a-ketoglutarate (1.752 g/100 ml) in phosphate buffer pH 7.40. The pH of the final mixture was 7.00 to 7.10. Glutamate dehydrogenase (Boehringer) was added and samples incubated for 20 min in a 370C water bath. Appropriate blanks and ammonium chloride standards in 10% trichloroacetic acid were included. Three types of blanks were used: one containing the above solutions without enzyme, one with 2 ml of 10% trichloroacetic acid instead of blood filtrate, and one in which NADH was omitted. All samples were read in a Beckman DU spectrophotometer at 340 mg. Duplicate samples agreed within + 10%.
The experiment illustrated in Fig. 1 was the only one in which the procedure differed from that described above. An intravenous infusion containing 43.0 g of Na2SO4 10 H20 per liter was administered at a rate of 10 ml/min to insure a copious flow of acid urine; five urine samples were collected at 2-min intervals followed by four samples at 5-min intervals after the start of`5NH4Cl infusion into the renal artery.
Results
The time course of appearance of ammonia-15N in the urine of an acidotic dog, after the start of a constant infusion of the isotope into one renal artery, is illustrated in Fig. 1 20 min preceded the collection of the first urine specimen to ensure attainment of steady state conditions. The ammonia pool of the kidney is no doubt small but turns over rapidly (15) . The half-time of the turnover rate estimated from pool size in the dog kidney (15) and from pool turnover in our experiments is about 1 min. As shown in Fig. 2 , pool turnover is equal to the sum of the rates at which ammonia leaves the kidney in renal venous blood and is excreted in the urine. The major fraction of this ammonia is formed in the kidney from amino acid precursors extracted from blood; the minor fraction enters the kidney as preformed ammonia. If 15NH4Cl is introduced into this pool at a known rate and if the pool is well mixed, measured specific activity should equal calculated specific activity. Since prohibitively large amounts of renal venous blood would be needed for isolation of the requisite amount of ammonia, specific activity has been measured only in urine.
Data from three representative experiments are summarized in Table I . The nous blood flow (16) and ammonia concentration equals the load of ammonia leaving the kidney in the renal vein. The product of urine flow and ammonia concentration equals the rate of excretion of ammonia. The sum of the two is equal to the pool turnover. In the first periods of each experiment, 15NH4C1 was infused into the left renal artery at a low rate. In later periods, the rate of infusion was increased fivefold. Dividing the rate of infusion of isotope by the pool turnover rate yields the calculated pool specific activity. The measured specific activity of urine formed by the left kidney, corrected for recirculation, agreed with the calculated pool specific activity within experimental error.
The major error of these determinations is in the measurement of blood ammonia concentration, since the mean of duplicate determinations may differ as much as ± 20% from the probable true values. Much of the uncertainty is due to the variability in chromogens in filtrates of whole blood. However, errors are random, for recovery of the added ammonia, on an average, is complete. Experiments 1 and 3 were selected as representative of five experiments which exhibited only small deviations from the mean ratio of urine specific activity/pool specific activity. Experiment 2 exhibited the maximum deviations from the mean. The mean ratio in 13 comparisons of measured urine specific activity/calculated pool specific activity at low rates of infusion of isotope was 0.96 (± 0.04 SE). The mean ratio in 12 comparisons at high rates of infusion of isotope was 0.94 (± 0.04 SE). Thus a fivefold increase in rate of infusion of isotope did not alter completeness of mixing. Within limits this suggests that ammonia is distributed by passive processes of diffusion rather than by active transport.
Discussion
Previous studies from our laboratory have demonstrated that urinary ammonia is derived from its several plasma precursors in the following mean proportions: amide N of glutamine, 43.3%; amino N of glutamine, 18.3%; amino N of alanine, 5.71%o; amino N of glycine, 3.76%; and amino N of glutamic acid, 1.88%. The sum of the contributions of these several precursors to urinary ammonia is 73.0% (11, 13, 17) . Our present work demonstrates that if 73% of the urinary ammonia is derived from these five precursors, exactly the same proportions of the ammonia added to renal venous blood must also be derived from them. In the past we had tacitly assumed this to be true without the direct experimental confirmation which this study provides. We had also assumed that the 27% of the ammonia added to renal venous blood and excreted in urine which is not accounted for by these five precursors is derived from the deamination of other circulating plasma amino acids. Actually this is not true. It is largely if not entirely derived from ammonia entering the kidney in arterial blood. Finally, we can now reinterpret our previous study (17) as indicating that virtually all of the ammonia formed in the kidney derives from plasma glutamine, alanine, glycine, and glutamate.
Data demonstrating this fact are summarized in Table II The experiments cited in this paper do not bear directly on the nature of the ammonia transport mechanism. However, on the basis of work described in the introduction, we accept nonionic diffusion as the major if not the only determinant of the magnitude and direction of transport. Indeed it would be difficult to visualize an active transport system which alone could account for equilibrium distribution of synthesized and preformed ammonia throughout a heterogeneous system of widely differing hydrogen ion concentrations such as the kidney. However, we are aware of no experiments which exclude a minor contribution of active transport to ammonia secretion (18) . (16)); S.A., specific activity (atoms % 15N excess).
